We examined the localization of phosphotyrosine (p-Tyr)modified proteins in the normal corneal epithelium using affinity-purified rabbit anti-pTyr antibody. Normal rat mrnea was fiied and semi-thin and ultra-thin frozen sections were prepared. Immunofluorescence miaoscopy showed that p-Tyr was distributed along the cell membrane of the corneal epithelium. Immunogold electron microscopy revealed that the labeling is exclusively localized in the desmosomes and hemidesmosomes. A fraction enriched with desmosomes was extracted from the bovine corneal epithelium and ex-amined by Western blotting. Immunoblotting for pzyr showed eight prominent bands (290,200,190,115,85,62 , 50, and 47 KD) in the desmosomal fraction. The enrichment of pXyr in desmosomes and hemidesmosomes of the corneal epithelium suggests that these cell-to-cell and cell-tosubstrate junctions are involved in signal transduction. ( J Hisrochem Cyrochem &:19-25, 1996) 
Introduction
Tyrosine phosphorylation of proteins is considered to play important roles in signal transduction, especially in cell growth and differentiation. Many of the proto-oncogene products, such as c-Src, c-Yes, and c-Abl, have tyrosine kinase activity (1,2). The receptors of growth factors, such as epidermal growth factor, platelet-derived growth factor, and insulin, are also tyrosine kinases (3-8).
Recent studies have shown that cell-to-cell adherens junctions of various simple epithelial cells contain tyrosine-phosphorylated (p-Tyr) proteins (9,lO) . Tyrosine kinases encoded by the src family proto-oncogenes c-Yes and c-src are also enriched in cell-to-cell adherens junctions of normal rat liver (10). The level of tyrosine phosphorylation was also high at cell-to-substrate adherens junctions in cultured fibroblasts and simple epithelial cells (9) . In Rous sarcoma virus-transformed cells, the cell-to-substrate adhesion plaque contained a tyrosine kinase, pp60v-src (11) . Although the exacf function is still unknown, these findings indicate that tyrosine phosphorylation is an important signal at adherens junctions not only during development and transformation but for maintaining the normal function of cells and tissues.
In the corneal epithelium, a typical stratified epithelium, desmosomes are developed to connect neighboring cells but adherens junctions are not well delineated morphologically. In this study we Supported in part by a Grant-in-Aid for Scientific Research from the Ministry of Education, Science and Culture of the Japanese Government.
Correspondence ta Kentaro Amino, Dept. of Ophthalmology. Kyoto Univ.. 54 Kawaramachi, Shougoin, Sakyoku, Kyoto 606, Japan. investigated the distribution of p-Tyr in the normal corneal epithelium in vivo. p-Tyr in the corneal epithelium was significantly enriched in desmosomes and hemidesmosomes, suggesting that the function and component of these junctions may be somewhat different from that of the simple epithelia. To our knowledge, this is the first report to show the enrichment of p-Tyr in desmosomes and hemidesmosomes, and the result suggests that the junctions are related to cell signaling in the stratified epithelium.
Materials and Methods
Antibodies. Affinity-purified rabbit anti-p-Tyr antibody was kindly provided by Dr. E. Pasquale (12.13) . Anti-desmoplakin I+II monoclonal antibody (MAb) (Boehringer-Mannheim; Mannheim, Germany), antidesmoglein MAb (Boehringe-Mannheim), anti-vinculin MAb (Oncogene Science; New York, NY), non-immune normal mouse IgG (Zymed; S. San Francisco, CA), rhodamine-conjugated goat anti-rabbit IgG antibody (Zymed), FITC-conjugated goat anti-mouse I& antibody (Zymed), peroxidase-conjugated goat anti-rabbit IgG antibody (Organon Teknikil; Durham, NC), peroxidase-conjugated goat anti-mouse IgG antibody (Jackson Immunoresearch West Grove, PA), 5-nm colloidal gold-conjugated goat antimouse IgG antibody (Amersham; Poole, UK), and 10-nm colloidal goldconjugated goat anti-rabbit IgG antibody (Zymed) were obtained commercially.
Indirect Immunofluorescence Microscopy. The use of animals in this study was in accordance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. Wistar rats (average weight 150 g) were sacrificed by an overdose of sodium pentobarbital injected IP. The corneas were excised and fixed with 4% formaldehyde (freshly depolymerized from paraformaldehyde) in 0.1 M sodium phosphate bufferI0.5 mM sodium orthovanadate, pH 7.4, for 60 min at 4°C. The tissues were rapidly frozen in liquid nitrogen and semi-thin frozen sections 0.5-1 pm thick were prepared. The sections were pre-treated with 1% bovine serum albumin containing 0.5 mM sodium orthovanadate for 10 min and were incubated for 30 min with the affinity-purified rabbit anti-p-Tyr antibody, rabbit anti-p-Tyr antibody pre-incubated with p-Tyr (40 mM), anti-desmoplakin I+II antibody, anti-vinculin antibody, or non-immune normal mouse IgG (10-20 pgIml) in PBSIO.5 mM sodium orthovanadate. Then they were treated with rhodamine-conjugated anti-rabbit IgG antibody in PBSI0.5 mM sodium orthovanadate or FIE-conjugated goat anti-mouse IgG antibody (10-20 bg/ml) for 30 min and observed with a Zeiss Axiophot fluorescence microscope. Photographs were taken on Kodak ?ii-X film (Rochester, NY).
Immunogold Electron Microscopy. Ultra-thin frozen sections 50-100 nm thick were prepared in a Reichert Ultracut E ultramicrotome (Vienna, Austria) and subjected to indirect immunogold labeling (14) . The affinitypurified rabbit anti-p-Tyr antibody and anti-desmoplakin I+II antibody (10-20 pglml) were used as primary antibodies. Five-nm colloidal goldconjugated goat anti-mouse antibody and 10-nm colloidal gold-conjugated goat anti-rabbit antibody were employed as secondary antibodies. The specimens were adsorption-stained with neutral uranyl acetate and embedded in a mixture of 2% methylcellulose (Nacalai Tesque; Kyoto, Japan) and 0.4% uranyl acetate (15) . They were observed with aJEOL l2OOEX electron microscope operated at 80 kV.
Purification of Desmosomes. A desmosomal fraction was prepared according to the procedure of Gorbsky and Steinberg (16) . Corneal epithelium was removed with a keratome from 30 bovine eyes obtained at a local abattoir and stirred at 4°C for 3 hr in 400 ml of 0.1 M citrickodium citrate buffer, pH 2.6, containing 0.05% Nonidet P-40 (Wako Pure Chemicals; Osaka, Japan) and proteinase inhibitors: 0.2 mM phenylmethylsulfonyl fluoride, 5 pglml pepstatin A (Cambridge Research Biochemicals, Gadbrook Park Northwich, UK), and 5 pglml leupeptin (Cambridge Research Biochemicals). The mixture was filtered through cheesecloth to remove tissue debris and centrifuged at 13,000 x g in a Hitachi Himac SCR 2OB rotor (Hitachi; Koki Co.; Ibaragi, Japan) for 20 min at 4'C. The pellet was resuspended in 80 ml of 0.1 M citriclsodium citrate buffer, pH 2.6, containing 0.01% Nonidet P-40 and the protease inhibitors, and sonicated in the cuphorn of a Heat Systems W-220F sonicator (Heat Systems-Ultrasonics; Plainview, NY). The homogenate was centrifuged at 750 x g for 20 min and the supernate was spun at 12.000 x g for 20 min. The pellet was re-suspended in the same buffer by swirling, but the lower part of the pellet, which is depleted of desmosomes, was discarded. The desmosome-rich compartment was washed twice by repeated centrifugation and sonication.
For transmission electron microscopy. the material was pelleted at 12,000 x g for 20 min. The pellets were fixed with 2.5% glutaraldehyde in 0.1 M sodium phosphate buffer, pH 7.4, for 1 hr. Post-fixation was done in buffered 1% Os04 on ice for 30 min. followed by staining with 2 % aqueous uranyl acetate at room temperature for 1 hr. Samples were dehydrated in a graded series of alcohol and embedded in Spuds resin. Ultrathin sections were prepared with an Ultrotome (LKB Bromma. Sweden), stained with uranyl acetate and lead citrate, and examined in aJEOL 1200EX electron microscope.
hunoblotting. The purified bovine desmosomes and the whole bovine corneal epithelium dissolved in sample buffer were subjected to SDS-PAGE performed on 7.5 % polyacrylamide gels and transferred electrophoretically to nitrocellulose. The blots were incubated with the anti-p-Tyr antibody, anti-p-Tyr antibody pre-incubated with p-Tyr, anti-desmoplakin I+ I1 antibody, or anti-desmoglein antibody and then reacted with peroxidase conjugated goat anti-rabbit IgG antibody or peroxidase-conjugated goat anti-mouse IgG antibody. The reaction was visualized by enhanced chemiluminescence (ECL) detection system (Amersham).
Results

Immunofluorescence Microscopy ana' Immunoelectron Microscopy
In the normal rat corneal epithelium, immunofluorescence staining with the anti-p-Tyr antibody was observed intermittently along the cell membrane ( Figure 1A) . The specificity of the labeling was confirmed by pre-incubating the antibody with free p-Tyr; no staining was detected in the specimen (Figure 1B) . The immunofluorescence staining for the anti-desmoplakin I + I1 antibody also showed a punctate appearance along the epithelial cell membrane (Figure E ) . As a control for the anti-desmoplakin I+II antibody, a frozen section incubated with non-immune mouse IgG showed no staining (Figure 1D ). The notable difference was that the basal cell surface facing the basement membrane (arrows) showed a punctate staining for p-Tyr but no staining for desmoplakin I+II. On the other hand, vinculin, which is a constituent of adherens junctions, was not detected by immunofluorescence microscopy of the corneal epithelium (data not shown).
Immunoelectron microscopy revealed that 1O-nm immunogold particles directed against anti-p-Tyr antibody were preferentially localized in desmosomes (Figures 2A-2C ) and hemidesmosomes (Figure 2D ). The identity of desmosomes was confirmed by labeling the sections doubly for p-Tyr and desmoplakin, which is a specific component of desmosomes (17): 10-nm immunogold for p-Tyr and 5-nm immunogold for desmoplakin I +I1 were co-localized in the desmosomal plaque (Figure 2A) . In desmosomes, the immunogold particles were mostly observed in the electron-dense submembranous plaques (Figures 2A and 2B) , but occasionally some were seen in the intercellular space (Figure 2C ). In the basal cells, immunogold particles for p-Tyr were also observed in the hemidesmosomes (Figure 2D ), which were seen as electron-dense patches facing the basement membrane. The plasma membrane beside desmosomes and hemidesmosomes was virtually devoid of labeling. By electron microscopy, adherens junctions as reported in simple epithelial cells were not observed in the corneal epithelium.
Immunobiotting
Electron microscopy showed that isolated desmosomes from the bovine corneal epithelium, which consist of two facing membrane plaques, were enriched in the purified fraction (Figure 3) . Figure 4 shows immunoblotting of the whole corneal epithelium (Lane 1) and the desmosomal fraction (Lanes 2 and 3). Immunoblotting with anti-p-Tyr antibody revealed several positive bands in the corneal epithelium (Lane 1) and the isolated desmosomal fraction (Lane 2). In the desmosomal fraction, eight prominent bands of290, 200, 190, 115, 85, 62, 50, and 47 KD were detected (Lane 2). In the whole corneal epithelium, in addition to the eight bands, positive reaction was also observed at molecular masses of 310, 260. 215, 175, 140, and 130 KD. The specificity of the reaction was confirmed by pre-incubating the anti-p-Tyr antibody with an excessive amount of free p-Tyr. The reaction was totally abolished after the pre-incubation (Lane 3).
The desmosomal fraction was also probed with anti-desmoplakin I+ 11 and anti-desmoglein antibodies. The detected bands, 250 and 210 KD and 160-170 KD, respectively, however, did not coincide with those observed for p-Tyr (data not shown).
Discussion
Several previous reports showed that p-Tyr is concentrated in the vicinity of intercellular junctions. Most of these reports focused on adherens junctions, which are formed between two neighboring cells or between a cell and the substrate (focal contacts) (9-11). In both types of adherens junctions, actin filaments converge on the plasma membrane and several actin-binding proteins, including vinculin and a-actinin, are concentrated along the cytoplasmic surface (18.19). Since anti-p-Tyr antibody became available (13). adherens junctions of various cell types have been shown to contain large amounts of tyrosine-phosphorylated proteins. Because tyrosine phosphorylation has been considered as a key event in cell signaling, the enrichment of p-Tyr indicates that adherens junctions are involved in signal transduction.
In the present study we investigated the localization of p-Tyr in the corneal epithelium, a typical stratified epithelium. Whereas adherens junctions can be defined unambiguously in simple epithelial cells, whether and how adhrxns junctions exist in stratified epithelium have not been clear. Concerning actin-associated proteins, which are localized in adherens junctions of simple epithelial cells, there have been contradictory results as to whether they are expressed to any extent in the normal corneal epithelium (20.21). Therefore, we attempted to investigate a structure that functionally corresponds to adherens junctions by examining the distribu- tion of p-Tyr. As shown by immunoelectron microscopy, p-Tyr in the corneal epithelium was densely distributed in desmosomes and hemidesmosomes. This result was unexpected because these stmctures have been believed to provide only mechanical connections between two cells and between cells and the basement membrane. Both desmosomes and hemidesmosomes are linked to intermediate filaments but not to actin filaments, and their constituent molecules are different from those of adherens junctions (17, 22) . Furthermore, desmosomes of other epithelial cells have been shown immunocytochemically to lack p-Tyr (10.23).
The difference of reactivity with anti-p-Tyr antibody might indicate compositional diversity of desmosomes in different tissues. In fact, the protein composition of desmosomes has been reported to be varied. For example, desmocollin isoforms show a tissue-specific expression in bovine tissues (24) . Moreover, in the stratified epithelium, as differentiating cells move from the basal to the upper layers, desmosomes are modified in composition. In the human epidermis, desmoglein and desmocollin subfamilies show different patterns of expression in different layers (25) . Hence, it is possible that only desmosomes of the stratified epithelium contain protein tyrosine kinases and their substrates, whereas those in other tissues do not.
Although appearing like a half desmosome morphologically, molecular components of hemidesmosomes are known to be different from those of desmosomes (17.22) . Therefore, the functional significance of the p-Tyr concentration in desmosomes and hemidesmosomes may not be the same. However, hemidesmosomes are also likely to be modulated when basal cells migrate transversely along the basement membrane. This phenomenon is observed in an accentuated manner in the wounded corneal epithelium: the number of hemidesmosomes decreases and the change is assumed to be necessary for the ensuing cell migration (26) . Tyrosine phosphorylation in hemidesmosomes may be important in transmitting signals from the basement membrane and/or in modulating the mechanical linkage. The present study could not identify structures other than desmosomes and hemidesmosomes that are enriched with p-Tyr. In simple epithelial cells, p-Tyr is densely distributed in intercellular adherens junctions, but in the corneal epithelium, junctions morphologically similar to them were not identified by electron microscopy. Furthermore, vinculin was hardly observed in the normal corneal epithelium (20; and this study). Therefore, p-Tyr-positive adherens junctions, as seen in simple epithelial cells, may not exist in the corneal epithelium. On the other hand, there remains the possibility that adherens junctions that lack p-Tyr enrichment and are functionally different from the simple epithelium may be present. For example, Type I1 plaque, which was observed in the intestinal epithelium may be present, but whether it exists in the normal corneal epithelium has not been defined by electron microscopy (21) . In any case, desmosomes and hemidesmosomes are major sites at which abundant p-Tyr exists in the corneal epithelium, and it appears reasonable to assume that they may be involved in cell signaling.
By Western blotting of the isolated desmosomal fraction, we detected eight prominent p-Tyr-modified proteins. From the mobility in the gel, possible candidates among the desmosomal proteins that have been already known are desmocollin I (MI 115,000) and plakoglobin (MI 86,000) (17.27) . Deduced from the amino AMINO, TAKAHASHI, HONDA, FUJIMon> acid sequence, desmocollin I has a possible tyrosine phosphorylation site (28), although in MDCK cells desmocollins are phosphorylated on serine but not on tyrosine (29) . As for plakoglobin, whether they could be targets of tyrosine kinases is not known. By comparing the positive bands between the whole corneal epithelium and the desmosomal fraction, several bands were found only in the former sample but not in the latter. P-Tyr was highly localized in desmosomes and hemidesmosomes, but hemidesmosomes were not included in the isolated desmosomal fraction. Therefore, the bands unique to the extract of the whole corneal epithelium might be derived from hemidesmosomes. Among the known hemidesmosomal components, 230 KD bullous pemphigoid antigen and p4 integrin contain a putative tyrosine phosphorylation site (17, 30, 31) . It would be rewarding to define which proteins in desmosomes and hemidesmosomes are p-Tyr-modified and how they are regulated. By doing so, the functional significance of the modification in desmosomes and hemidesmosomes should become clear.
What we wish to know, therefore, is which tyrosine kinases catalyze tyrosine phosphorylation in desmosomes and hemidesmosomes. In the normal rat liver, the src family tyrosine kinases c-Src and c-Yes are enriched in cell-to-cell adherens junctions and have been believed to be responsible for tyrosine phosphorylation (10). We examined the corneal epithelium by immunohistochemical methods, but neither c-Src, c-Yes, nor Fyn was concentrated with p-Tyr (Amino et al., unpublished observation). This result suggests that tyrosine kinases in desmosomes and hemidesmosomes are different from those in adherens junctions and may be under a distinct regulatory mechanism.
In summary, we showed that p-Tyr-modified proteins are enriched in desmosomes and hemidesmosomes in the corneal epithelium. Considering the postulated role of p-Tyr, the result suggests that the desmosomes and hemidesmosomes of the stratified epithelium may be functionally different from those of the simple epithelium and might be related to cell signaling. Future studies should clarlfy the importance of the modification by tyrosine phosphorylation in physiological and pathological states of the stratified epithelium.
